Reverse transcriptases contain a highly conserved YXDD amino acid motif believed to be important in enzyme function. The An early step in the replication of the human immunodeficiency virus type 1 (HIV-1) is the reverse transcription of the single-stranded viral RNA genome into a linear, doublestranded DNA molecule (8, 55). The reverse transcription reaction is catalyzed by a virally encoded RNA-dependent DNA polymerase termed reverse transcriptase (RT) (3, 15, 53) . Reverse transcription utilizes a cellular tRNA molecule hybridized at a position near the 5' end of the RNA genome as a primer to copy the genomic RNA (51). A complex process of template switching by the RT allows the completion of the first DNA strand and the subsequent synthesis of the second cDNA strand to generate a complete copy of the viral genome sufficient for integration into the host chromosome (14, 17, 42, 52, 54, 55) . Because of the nature of the reverse transcription reaction, RT must have the capability to polymerize deoxynucleoside triphosphates by using either RNA or DNA primers on RNA or DNA templates (3, 14, 46) .
approximately 5 to 10% as active as the wild-type enzyme. The reverse transcriptases with the YGDD and YPDD mutations demonstrated no activity above background. Proviruses containing the reverse transcriptase with the valine mutation (YVDD) produced viruses with infectivities similar to that of the wild type, as determined by measurement of p24 antigen in culture supernatants and visual inspection of syncytium formation. In contrast, proviruses with reverse transcriptases containing the YADD and YSDD mutations were less infectious than wild-type virus. These results point to the critical role of methionine of the YMDD motif in the activity of HIV-1 reverse transcriptase and subsequent replication potential of the virus. An early step in the replication of the human immunodeficiency virus type 1 (HIV-1) is the reverse transcription of the single-stranded viral RNA genome into a linear, doublestranded DNA molecule (8, 55) . The reverse transcription reaction is catalyzed by a virally encoded RNA-dependent DNA polymerase termed reverse transcriptase (RT) (3, 15, 53) . Reverse transcription utilizes a cellular tRNA molecule hybridized at a position near the 5' end of the RNA genome as a primer to copy the genomic RNA (51) . A complex process of template switching by the RT allows the completion of the first DNA strand and the subsequent synthesis of the second cDNA strand to generate a complete copy of the viral genome sufficient for integration into the host chromosome (14, 17, 42, 52, 54, 55) . Because of the nature of the reverse transcription reaction, RT must have the capability to polymerize deoxynucleoside triphosphates by using either RNA or DNA primers on RNA or DNA templates (3, 14, 46) .
The critical role of RT in the replication of HIV-1 has focused considerable attention on the structural features of this protein. The amino acid sequences of numerous viral and cellular polymerases have been compared, leading to the identification of several conserved regions (2, 23, 25, 33, 43) . * Corresponding author.
The most highly conserved of these is a YXDD amino acid motif that is believed to be essential for polymerase function (2, 25) . A similar motif, YGDTDS, is also highly conserved among many DNA-dependent DNA polymerases (57) . On the basis of molecular-modeling studies of polymerases, this motif has been postulated to be at or very near the active site and possibly involved with template recognition or metal ion binding (Mg2+ or Mn2+) required for enzyme activity (2, 5, 10, 16, 25, 39) . In many RTs, including that of HIV-1, the conserved motif consists of a core sequence of four amino acids, YMDD. However, murine leukemia virus (50) and feline leukemia virus (11) have the sequence YVDD, while recently described RTs from Escherichia coli (30) and Myxococcus xanthus contain YADD (19, 29) .
Previous studies have described single amino acid substitutions in the conserved YXDD region of various RTs and RNA polymerases which resulted in enzymes with drastically reduced activity, thus confirming the significance of this motif for polymerase function (18, 20, 31, 32, 34, 37 clease in the pol gene (35) (Fig. 1A) . A region of the HIV-1 genome contained in a SacI-Sall restriction fragment (nucleotides 680 through 5819) from plasmid pBH10 (49) was subcloned into the phagemid pUC119 (59) as previously described (38) . The resulting plasmid, pUC119 Sac-Sal, was transformed into competent E. coli CJ236, a dut ung doublemutant bacterial strain that allows uracil to be incorporated into replicated DNA at some thymine positions (27, 28) . Single-stranded DNA from pUC119 Sac-Sal was prepared after infection of the transformed E. coli CJ236 with an M13 helper phage (K07) (28) . Oligonucleotide site-directed mutagenesis was performed (59-61) with the following synthetic DNA oligonucleotides (changed nucleotides are underlined): 5'-OAA TAO TGO GAT GAT TTG-3' (YSDD) 5'-OAA TAO GOG GAT GAT TTG-3' (YADD) 5'-AT OAA TAO GGT GAT GAT TTG TAT GTA-3' 5'-AT OAA TAO CC GAT GAT TTG TAT GTA-3' 5'-AT OAA TAO GTT GAT GAT TTG TAT GTA-3' (YGDD) (YPDD) (YVDD) Following mutagenesis, the reaction was stopped by the addition of 0.5 M EDTA (pH 8.0), and the mixture was used to transform competent E. coli DH5a. Recombinant plasmids were isolated, and the region containing the mutation was confirmed by the dideoxy technique of Sanger et al. (47) as modified for use with Sequenase (U.S. Biochemicals). By convention, the mutants will be referred to as M184X, where M denotes methionine, 184 denotes the amino acid position in the RT gene, and X denotes the mutant amino acid (Fig.  1B) .
To fragment (nucleotides 2095 through 5819) of the HIV-1 pol gene from pUC119 was subcloned into the ptrp vector, creating an in-frame fusion between the HIV-lpol genes and the trp leader peptide (40) . In preliminary studies, we have established that expression of the HIV-1 pol gene in pttp results in the initial synthesis of the polyprotein precursor followed by rapid processing to mature protease, RT, and endonuclease (21) . Mature RT is a heterodimer of full-length 66-kDa and COOH-truncated 51-kDa polypeptides (p66/51) (13). The extracts from E. coli were partially purified by phosphocellulose chromatography and then analyzed by Western blot (immunoblot) using a monoclonal antibody which reacts with p66 ( Fig. 2A ) and pooled sera from HIV-1-infected patients (Fig. 2B) (Fig. 3A) . Mutant M184P was completely inactive.
To further characterize the effects of the mutations, we compared the kinetics of in vitro synthesis, Mg2+ ion requirements, and temperature sensitivity of the mutant and wild-type enzymes. No reproducible differences between the various enzymes with regard to the kinetics of synthesis were observed (Fig. 3B) . We did note that mutant M184G reproducibly exhibited a low level of activity during the extended incubation time. HIV-1 RT requires Mg2+ ions for enzymatic activity (46 (Fig.  4) . In contrast, M184A and M184S had 5 to 10% of the wild-type activity, while mutants M184G and M184P had no activity above background.
To determine the effects of the mutations on viral replication, each gene was subcloned into pHXB2 gpt, which contains an infectious HIV-1 provirus (44, 45 4 transfected into COS-1 cells by using 300 p,g of DEAEdextran per ml as a facilitator (36) . The cells were incubated in DEAE-dextran-DNA for 3 h and then with complete medium (Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum) containing chloroquine (20 pg/ml) for an additional 3 h. A 10% dimethyl sulfoxide shock (1 to 2 min) was added to increase transfection efficiency (36) . Cells were washed twice with Dulbecco modified Eagle medium, and then complete medium was added. A similar pattern of HIV-1-specific proteins immunoprecipitated after transfection of the plasmids containing the proviral genomes with the wild-type and mutant RT genes was seen. Both p55 gag and p24 as well as env proteins (gpl20 and gp4l) were immunoprecipitated from the cells transfected with the wild type and mutants (data not shown). Thus, the mutations in RT did not affect overall expression of viral proteins.
The infectivity of proviruses containing the RT mutations was next examined. Since COS-1 cells do not support HIV-1 replication, the transfected cells were cocultured with SupTl cells, which support high-level replication of HIV-1 virus, for 3 days. SupTl cells were isolated by centrifugation and further cultured with new media and fresh SupTl cells.
Samples of the culture supernatant were removed and assayed for the presence of p24 antigen (Coulter Laboratories) as well as inspected for multinucleated cells (syncytia). We used the analysis of supernatant p24 antigen to reflect virus After an additional 24 h, the SupTl cells were removed by lowspeed centrifugation (800 x g for 10 min), washed twice in phosphate-buffered saline (PBS), and resuspended in RPMI medium containing 10% fetal bovine serum for further culture. Virus replication was monitored by determination of the amount of p24 antigen in culture supernatants. (B) Cell-free transmission. COS-1 cells were transfected with plasmids containing wild-type (pHXB2) or mutant RT genes. Forty-eight hours posttransfection, supernatants were collected and levels of p24 antigen were determined. The concentration of p24 antigen was then adjusted to 50 replication because of the different activities of the wild-type and mutant RTs in the in vitro reactions. The levels of p24 antigen in cultures arising from transfection of a proviral genome containing the M184V mutation were similar to that of the wild type. Proviruses with M184A or M184S mutations gave rise to virus, although the kinetics of appearance were slower and overall levels of p24 antigen in the culture supernatant were less than that for the wild-type virus. Proviruses with M184G or M184P were noninfectious over the culture period (Fig. 5A) .
In a second set of experiments, we analyzed the replication kinetics using cell-free virus transmission. Forty-eight hours after transfection of COS-1 cells with the mutant viral The conserved YXDD motif is found in numerous viral RTs, RNA polymerases, and RT-containing elements (2, 11, 19, 25, 29, 30, 43, 48, 50) . A similar sequence motif, YGDTDS, is also found in many DNA-dependent DNA polymerases (57) . Previous studies have described polymerases in which the first aspartic acid of this conserved motif was mutated (33, 34, 37) ; in all cases, the enzymes were inactive, supporting the idea that the YXDD motif is involved in the catalytic function. In particular, the aspartic acids have been proposed to bind divalent metal ions which promote a phosphoryl transfer reaction (6, 26 (16) have described hypothetical structural models of the catalytic domain of polymerase a-like enzymes in which the YGDTDS motif constitutes a connecting loop of a ,-hairpin structure analogous to the 3-hairpin structure that delineated strands 12 and 13 of the Klenow fragment of E. coli DNA polymerase I. A similar ,B-hairpin structure for the YMDD motif has been observed in the recently described threedimensional structure of HIV-1 RT (26) .
Although mutations of the aspartic acids resulted in enzymes with drastically reduced activities, mutations of the second, least-conserved residues of YXDD and YGDTDS motifs of various polymerases have produced enzymes with various levels of activities (7, 12, 18, 20, 24, 37, 39 (19, 29) and E. coli (30) . Although these prokaryotic RTs have functions similar to those of their viral counterparts, they are positioned on different branches of the proposed evolutionary tree, and thus it was speculated that they diverged early from the retrovirusencoded RTs (58 From the three-dimensional structure, it is clear that there exist potential interactions between the YXDD motif and surrounding amino acids which could be effected by the amino acid changes in this region (26) . Although numerous studies have described the effects of mutations on in vitro activities of RT, few studies have investigated effects of mutations on virus replication. It was suggested that an in vitro RT activity greater than 70% of the wild type on a poly(A) oligo(dT) template-primer was necessary for production of infectious virus (32 
